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SURGXFWLRQ RI QXWULHQWULFK GLJHVWDWH WKDW FDQ EH XVHG DV IHUWLOLVHU +RZHYHU
IDUPEDVHGELRJDVSURGXFWLRQLVH[SDQGLQJUDWKHUVORZO\2QHOLPLWDWLRQLVWKH
ORZHQHUJ\FRQWHQWDQGUHVWULFWHGGHJUDGDWLRQRIPDQXUH3UHYLRXVUHVHDUFKKDV

















ILQGLQJV LW FDQ EH FRQFOXGHG WKDW PHDVXUHPHQW DQG HYDOXDWLRQ RI UHVLGXDO
PHWKDQH SRWHQWLDO LV D SURPLVLQJ WRRO LQ XQGHUVWDQGLQJ )6%3 SURFHVVHV DQG
DVVHVVLQJWKHLUHIILFLHQF\














HIIHNWLYLVHUD JDVXWE\WHWPHQ GHQ ODQWEUXNVEDVHUDGH ELRJDVSURGXNWLRQHQV KHOD
YlUGHNHGMDEHDNWDVVlOODQ,GHQQDDYKDQGOLQJKDUPnOHWYDULWDWWLGHQWLILHUDKXU
WRWDOHIIHNWLYLWHWHQNDQI|UElWWUDVI|UGHVVDELRJDVDQOlJJQLQJDU
5HVXOWDWHQ YLVDU DWW YDULDWLRQHQ L HIIHNWLYLWHW RFK GULIWVSDUDPHWUDU lU VWRU
EODQGGHXQGHUV|NWDELRJDVDQOlJJQLQJDUQD7URWVGHWILQQVNRUUHODWLRQHUPHOODQ
JDVSURGXNWLRQQHGEU\WQLQJVJUDGRFKXSSHKnOOVWLGYLONHWlULQWUHVVDQWDVDPEDQG
Gn GHVVD Q\FNHOWDO UHODWHUDU WLOO ELRJDVSURGXNWLRQHQV WUH YlUGHRPUnGHQ
6DPU|WQLQJDQYlQGVYDQOLJHQVRPVWUDWHJLSnEHILQWOLJDELRJDVDQOlJJQLQJDUI|U
DWW I|UElWWUD EnGH JDVSURGXNWLRQ RFK NRQFHQWUDWLRQHQ DY DPPRQLXPNYlYH L
ELRJ|GVHOQ,GHQQDVWXGLHKDUUHQDIUDNWLRQHUDYIHWWNROK\GUDWHURFKSURWHLQ
VDPW ROLND HQHUJLJU|GRU XWYlUGHUDWV L VDPU|WQLQJ PHG J|GVHO 'H ROLND
VDPU|WQLQJVVXEVWUDWHQUHVXOWHUDGHLROLNDJUDGDYSnYHUNDQSnJDVSURGXNWLRQHQ
RFK Yl[WQlULQJVYlUGH L ELRJ|GVHOQ )|U DWW |ND ELRJDVSURGXNWLRQHQ NDQ
WHPSHUDWXUHQ L UHDNWRUQ K|MDV WLOO WHUPRILO WHPSHUDWXU 'HWWD NDQ GRFN YDUD
SUREOHPDWLVNW YLG DQYlQGQLQJ DY SURWHLQULND VDPU|WQLQJVVXEVWUDW VRP YLG
WHUPRILO U|WQLQJ LVWlOOHW NDQ UHVXOWHUD L PLQVNDG JDVSURGXNWLRQ RFK
QHGEU\WQLQJVUDG Sn JUXQG DY DPPRQLDNKlPQLQJ L UHDNWRUQ , GHQQD VWXGLH
YLVDGHVRFNVnHWWSRVLWLYWVDPEDQGPHOODQUHVWPHWDQSRWHQWLDOLELRJ|GVHOQRFK
RUJDQLVN EHODVWQLQJ VDPW HWW QHJDWLYW VDPEDQGPHOODQ UHVWPHWDQSRWHQWLDO RFK
XSSHKnOOVWLG'HVVDVDPEDQGlUYLNWLJDI|UDWWI|UVWnELRJDVSURGXNWLRQHQVUROOL
PLQVNQLQJDYYl[WKXVJDVHUIUnQMRUGEUXNVVHNWRUQ












The most difficult thing is the decision to act, the rest in merely tenacity. The 
fears are paper tigers. You can do anything you decide to do. You can act to 






































































































































































,Q WKH ZRUOGZLGH WUDQVLWLRQ WRZDUGV D VXVWDLQDEOH VRFLHW\ UHGXFWLRQ RI
JUHHQKRXVHJDV *+*HPLVVLRQVDQGVXVWDLQDEOH IRRGSURGXFWLRQDUHFULWLFDO





PHWKDQH &+ SURGXFWLRQ IURP UXPLQDQWV DQG IRVVLO HQHUJ\ XVH IRU
WUDQVSRUWDWLRQ PDFKLQHU\ DQG IHUWLOLVHU SURGXFWLRQ 6ZHGLVK (QYLURQPHQWDO
3URWHFWLRQ$JHQF\ 6WU¡P3UHVWYLN et al. (GVWU|P et al. 
1LWURJHQLVHVVHQWLDOIRUKLJKOHYHOIRRGSURGXFWLRQIURPDJULFXOWXUDOODQGDQG
nitrogen recirculation is one of nine “planetary boundaries” for sustainable 
GHYHORSPHQW5RFNVWU|P et al.+RZHYHUWKH+DEHU%RVFKSURFHVVE\




WKH DJULFXOWXUH VHFWRU 2OVVRQ 	 )DOOGH  6ZHGLVK (QYLURQPHQWDO
3URWHFWLRQ$JHQF\7KXVWKHVHFWRUKDVJUHDWSRWHQWLDOWRFRQWULEXWHWR
UHGXFWLRQVLQJUHHQKRXVHJDVHPLVVLRQVDQGDOVRWRDFKLHYHRWKHUHQYLURQPHQWDO
LPSURYHPHQWV VXFK DV QXWULHQW UHFLUFXODWLRQ (VWDEOLVKPHQW RI ELRJDV
SURGXFWLRQV\VWHPVFDQSOD\DQLPSRUWDQWUROHLQWKHGHYHORSPHQWRIVXVWDLQDEOH
DJULFXOWXUDOSURGXFWLRQ,QWKLVSURFHVVDJULFXOWXUDOZDVWHVWUHDPVLQFOXGLQJe.g
PDQXUH DQG FURS UHVLGXHV FDQ EH XVHG IRU SURGXFWLRQ RI ELRJDV ZKLOH DOVR
FUHDWLQJ ORQJWHUP UHFLUFXODWLRQ V\VWHPV IRU QXWULHQWV %DFHQHWWL et al. 
.DSDUDMX	5LQWDOD+ROP1LHOVHQ et al.
7KHLPSRUWDQFHRIELRJDVSURGXFWLRQDWIDUPVFDOHVWHPVIURPWKHIDFWWKDWLW





YDOXHV LQFOXGH WKH SRWHQWLDO JUHHQKRXVH JDV UHGXFWLRQ IURP FRQYHUVLRQ RI
PDQXUHWRELRJDVDQGDOVRIURPUHSODFHPHQWRIIRVVLOHQHUJ\%DFHQHWWL et al.
+ROP1LHOVHQ et al.7KHIRVVLOIUHHELRJDVSURGXFHGFDQEHXVHG
DV DQ HQHUJ\ VRXUFH LQ VHYHUDO HQHUJ\ WUDQVLWLRQV VXFK DV HOHFWULFLW\ KHDW RU
YHKLFOH IXHO 7RUULMRV  )LQDOO\ WKH GLJHVWDWH KDV LPSRUWDQW YDOXH IRU
QLWURJHQUHFLUFXODWLRQDQGPDQDJHPHQWDQGIRUFDUERQVHTXHVWUDWLRQ%M|UQVVRQ 
et al.,QVDP et al.+ROP1LHOVHQ et al.%LRGLJHVWHGPDQXUH
LVDOVRPRUHKRPRJHQHRXVDQGKDVDORZHUFRQWHQWRIWRWDOVROLGVDQGLVWKXV
HDVLHU WR DSSO\ WR DUDEOH ODQG WKDQ XQWUHDWHGPDQXUH $O 6HDGL et al. 






























JDVSURGXFWLRQZKHQPDQXUH LVFRGLJHVWHGZLWKRWKHU VXEVWUDWHV 7XIDQHU	
Avúar, 2016; Sondergaard et al.  $QJHOLGDNL 	 (OOHJDDUG 
0RUHRYHU IXQGDPHQWDO LPSURYHPHQWV LQ RSHUDWLQJ SDUDPHWHUV VXFK DV
WHPSHUDWXUHDQGRUJDQLF ORDGPD\EHQHHGHG(Tufaner & Avúar, 2016; Mata












¾ ,QYHVWLJDWH KRZ FRGLJHVWLRQ RI PDQXUH FDQ EH XVHG WR LPSURYH WKH
HIILFLHQF\LQIDUPVFDOHELRJDVSODQWV,,,,,,DQG,9









GLIIHUHQW W\SHV RI VXEVWUDWHV DUH FXUUHQWO\ XVHG IRU ELRJDV SURGXFWLRQ LQ FR
GLJHVWLRQZLWKPDQXUHLQWKLVWKHVLVZRUNWKHIRFXVZDVPDLQO\RQFDWWOHPDQXUH









,Q WKH (XURSHDQ8QLRQ (8 WKH RYHUDOO JRDO VHW E\ WKH5HQHZDEOH (QHUJ\
'LUHFWLYH 5(' LV WR UHDFK  RI UHQHZDEOH HQHUJ\ E\  LQFOXGLQJ D
PLQLPXP RI  UHQHZDEOH IXHOV LQ WKH WUDQVSRUWDWLRQ VHFWRU (XURSHDQ
3DUOLDPHQW3URGXFWLRQRIELRJDVLQWKH(8KDVLQFUHDVHGFRQVLGHUDEO\
LQ UHFHQWGHFDGHV IURPDSSUR[LPDWHO\7:KLQ WR7:KLQ
(XURVWDW  $PRQJ WKH (8 PHPEHU VWDWHV *HUPDQ\ KDV WKH KLJKHVW
QXPEHURIELRJDVSODQWVIROORZHGE\,WDO\WKH8.DQG)UDQFH7DEOH(%$


























7DEOH The top 12 European countries in terms of biogas production and the number of biogas 
















)URP D KLVWRULFDO YLHZ ELRJDV SURGXFWLRQ LQ 6ZHGHQ GHYHORSHG IURP WKH
UHTXLUHPHQWIRUVHZDJHVOXGJHWUHDWPHQWIROORZHGE\WKHUHTXLUHPHQWIRUIRVVLO
IUHH IXHOV LQ WKH WUDQVSRUWDWLRQVHFWRU 2OVVRQ	)DOOGH)URP WR





SODQWV LV VKRZLQJ D VWHDG\ LQFUHDVH DQG UHDFKHG*:K LQ 7KHPDLQ
VXEVWUDWH XVHG LQ IDUPVFDOH ELRJDV SODQWV LQ 6ZHGHQ LV PDQXUH EXW FURS
UHVLGXHV HQHUJ\ FURSV DQG RWKHU RUJDQLF ZDVWH VWUHDPV DUH DOVR XVHG ,
6ZHGLVK(QHUJ\$JHQF\7KHWRWDOQXPEHURIELRJDVSODQWVRQIDUPVKDV
LQFUHDVHG RYHU UHFHQW \HDUV DQG WKH FXUUHQW QXPEHU LV  6ZHGLVK (QHUJ\
$JHQF\7KHGULYLQJIRUFHVIRUDJULFXOWXUDOELRJDVSURGXFWLRQDUHPDQXUH






methane content in upgraded biogas used for vehicle fuel must be 97% 
DFFRUGLQJWRVWDQGDUGLVDWLRQOHJLVODWLRQ$ZH et al.+RZHYHUXSJUDGHG
ELRJDVLVPDLQO\SURGXFHGLQODUJHFRGLJHVWLRQSODQWVRUDWZDVWHZDWHUWUHDWPHQW
SODQWVZKLOHPRVW RI WKH IDUPVFDOH ELRJDV SODQWV LQ 6ZHGHQ LQVWHDG KDYH D













 FHUWLILFDWLRQ LQ 6ZHGHQ 7KH FHUWLILHG GLJHVWDWH LV SHUPLWWHG IRU XVH RQ
DJULFXOWXUDOODQGDQGRIWKHGLJHVWDWHSURGXFHGLQFRGLJHVWLRQLVQRZXVHG
























Farm scale Sludge Co-digestion plants Industrial plants Landfill


VWRUDJHRIPDQXUHDSSOLHVDQG LQ WKLVFDVHRI WKHGLJHVWDWHSURGXFHG LV
XVHGDVIHUWLOLVHURQDJULFXOWXUDOODQG6ZHGLVK(QHUJ\$JHQF\%LRJDV
SODQWVLQ6ZHGHQDUHDOVRJRYHUQHGE\WKH(8UHJXODWLRQVRQDQLPDOE\SURGXFWV 
(*  ZKLFK UHVWULFW WKH XVH RI VXEVWUDWHV VXFK DV VODXJKWHUKRXVH
ZDVWHKRXVHKROGZDVWHDQGPDQXUH$OOELRJDVSODQWVQHHGDSHUPLWIURPWKH




WRGD\ 0DUWLQ  6ZHGLVK (QHUJ\ $JHQF\  /LQQp et al. 
$FFRUGLQJWRHVWLPDWHVE\WKH6ZHGLVK(QHUJ\$JHQF\WKHWRWDOELRJDVSRWHQWLDO
IURP PDQXUH LV  7:K DQG WKDW IURP FURS UHVLGXHV LV  7:K :KHQ
FXOWLYDWHGHQHUJ\FURSVDUHLQFOXGHGLQWKHFDOFXODWLRQVWKHWRWDOELRJDVSRWHQWLDO
IURP DJULFXOWXUDO VXEVWUDWHV i.e PDQXUH FURS UHVLGXHV DQG HQHUJ\ FURSV LV
DSSUR[LPDWHO\  7:K 6ZHGLVK (QHUJ\ $JHQF\  &RGLJHVWLRQ ZLWK
PRUHHQHUJ\GHQVH VXEVWUDWHVFDQ IXUWKHU LQFUHDVHELRJDVSURGXFWLRQDW IDUP
VFDOH ELRJDV SODQWV , ,, DQG ,,, 6ZHGLVK UHVHDUFKHUV KDYH DOVR LGHQWLILHG










WKH JULG 7KHVH VXEVLG\ V\VWHPV KDYH KLVWRULFDOO\ UHVXOWHG LQ DQ LQFUHDVH LQ





7KHVHPRGLILFDWLRQV LQ WKH (8KDYH FKDQJHG WKH VXEVLG\ V\VWHP LQPHPEHU
VWDWHV LQGLIIHUHQWZD\V(%$+RZHYHU WKHILQDQFLDOVXSSRUWV\VWHPV
VWLOO YDU\ EHWZHHQ (8 PHPEHU VWDWHV $ UHFHQW VWXG\ E\ 5RJVWUDQG 
VXPPDULVHV WKH UHJXODWLRQV DQG ILQDQFLDO V\VWHPV IRU  FRXQWULHV LQ WKH














WKH VXEVLG\ ZKLFK LV HTXDO WR  c€ per kWh produced 6ZHGLVK %RDUG RI
$JULFXOWXUH7KHPDLQGLIIHUHQFHEHWZHHQWKH6ZHGLVKVXEVLG\VWUXFWXUH
FRPSDUHGZLWKWKDWLQe.g*HUPDQ\DQG'HQPDUNLVWKDWRQO\PDQXUHLVHOLJLEOH
IRU WKH VXEVLG\ LQ WKH6ZHGLVK V\VWHP1HYHUWKHOHVV WKH VXEVLG\KDVJUHDWO\




IRU ELRJDV SURGXFWLRQ DQG WR PRUH ELRJDV EHLQJ SURGXFHG IURP HDFK WRQ RI
PDQXUH1LHPL+MXOIRUV	(GVWU|P
,QDGGLWLRQWRWKHVXEVLG\IRUPDQXUHGLJHVWLRQELRJDVSODQWVRQIDUPVDUH
DOVR RIIHUHG LQYHVWPHQW VXSSRUW WKURXJK WKH5XUDO'HYHORSPHQW 3URJUDPPH
FRYHULQJRQDYHUDJHRIWKHLQYHVWPHQWFRVWRIWKHELRJDVSODQW6ZHGLVK
%RDUG RI $JULFXOWXUH  ,I ELRJDV LV XVHG IRU HOHFWULFLW\ SURGXFWLRQ
LUUHVSHFWLYH RI VXEVWUDWH WKH HOHFWULFLW\ LV LQFOXGHG LQ WKH V\VWHP RI JUHHQ
FHUWLILFDWHV)RUWKHDYHUDJHSULFHRIHOHFWULFLW\JUHHQFHUWLILFDWHVZDV
€/MWh DQG WKH SULFH KDV GHFUHDVHG VLQFH  )LJXUH  6YHQVN
.UDIWPlWQLQJ  1RUJHV YDVVGUDJVRJ HQHUJLGLUHNWRUDW 	
(QHUJLP\QGLJKHWHQ7KLVGHFUHDVHLQHQHUJ\SULFHVIRUHOHFWULFLW\RQWKH









7KH PDMRULW\ RI 6ZHGLVK IDUPVFDOH ELRJDV SURGXFWLRQ SODQWV XVH VHPL
FRQWLQXRXVGLJHVWLRQZLWKRQHPDLQGLJHVWHU)LJXUH7KHWHPSHUDWXUHUDQJH




VHSDUDWHO\ ,$PDMRULW\RIH[LVWLQJ IDUPVFDOHELRJDVSODQWVXVH WKHELRJDV


































































DQG GHVLJQ 7KH IDUPVFDOH ELRJDV SODQW LQ JHQHUDO KDV D ORZHU OHYHO RI
DXWRPDWLRQ DQG KDV OLPLWHG SRVVLELOLWLHV IRU RQOLQH PRQLWRULQJ DQG FRQWURO
FRPSDUHGZLWKODUJHULQGXVWULDOELRJDV$KOEHUJ(OLDVVRQ7KHDYHUDJH
PHWKDQH\LHOGPHDVXUHGDV1P&+WRQZHWZHLJKWZZVXEVWUDWHLV1P










OHYHO EHWZHHQGLIIHUHQW FRXQWULHV LV OLNHO\ FDXVHGE\GLIIHUHQFHV LQ IHHGVWRFN










LQFDWWOHDQGSLJPDQXUH UHSRUWHG LQ WKLV6ZHGLVK HYDOXDWLRQDUH LQ OLQHZLWK
SUHYLRXV ILQGLQJV IRU (XURSHDQ ELRJDV SODQWV RSHUDWLQJ ZLWK PDQXUH DQGRU
PDQXUHLQFRGLJHVWLRQ$OEXUTXHUTXH et al.3RHWVFK et al.6WRUDJH
RIGLJHVWHGPDQXUHLVJRYHUQHGE\WKHVDPHUHJXODWLRQVDVVWRUDJHRIXQGLJHVWHG
PDQXUHi.ePDQXUHDQGFRYHUHGVWRUDJHDUHRQO\PDQGDWRU\DWVRPHSURGXFWLRQ
XQLWV GHSHQGLQJ RQ QXPEHUV RI DQLPDOV DV VWLSXODWHG E\ HQYLURQPHQWDO
UHVWULFWLRQV$OWKRXJKPRVW6ZHGLVKIDUPVFDOHSODQWVKDYHFRYHUHGVWRUDJHIRU




ULVNHG H[FHHGLQJ WKH PD[LPXP OHYHO RI QLWURJHQ DOORZHG 0RUH RIWHQ WKH













'LIIHUHQW RSHUDWLQJ SDUDPHWHUV WRJHWKHU ZLWK WKH VXEVWUDWH DIIHFW WKH
GHYHORSPHQW RI WKHPLFURELDO FRPPXQLW\ WKH ELRJDV \LHOG DQG WKH GLJHVWDWH




WKHUPRSKLOLF WHPSHUDWXUH R& 6RPH RI WKH ODWWHU SODQWV VWDUWHG DW WKLV
WHPSHUDWXUHIURPWKHRXWVHWDQGVRPHFKDQJHGWRLWIURPPHVRSKLOLFWHPSHUDWXUH
,'LJHVWLRQRIPDQXUHDWWKHUPRSKLOLFFRPSDUHGZLWKPHVRSKLOLFWHPSHUDWXUH
FDQ UHVXOW LQ IDVWHU JDV SURGXFWLRQ UDWHV KLJKHU \LHOGV DQG KLJKHU GHJUHH RI
GHJUDGDWLRQ 0RVHW et al. /DEDWXW et al. 7KHVHHIIHFWV FDQDOVR
DOORZ IRU VKRUWHU UHWHQWLRQ WLPHV :DUG et al. :LWK KLJKHU GLJHVWLRQ
WHPSHUDWXUH WKH UKHRORJLFDO EHKDYLRXU RI WKH VOXUU\ FKDQJHV DQG DV D










FRQFHQWUDWLRQV FDQ WKXV FDXVH LQKLELWLRQ RI PHWKDQRJHQHVLV DQG SURFHVV
LQVWDELOLW\ <HQLJXQ 	 'HPLUHO  7KLV KDV EHHQ REVHUYHG e.g GXULQJ
WKHUPRSKLOLFGLJHVWLRQRISRXOWU\DQGVZLQHPDQXUH DORQHRU LQFRGLJHVWLRQ
,,, +DQVHQ  5DMRJDSDO 5RGLJXH] 9HUGH  <HQJXLLQ D 'HUPLHO






RI OLJQRFHOOXORVH e.g VRPH HQHUJ\ FURSV DQG PDQXUH QHHG UHODWLYHO\ ORQJ
UHWHQWLRQWLPHV!GD\VWREHGHJUDGHGFRPSDUHGZLWKPRUHHDVLO\GHJUDGDEOH
PDWHULDOVVXFKDVVWDUFKDQGVXJDUULFKVXEVWUDWHVZKLFKFDQEHGHJUDGHGXVLQJ
VKRUWHU UHWHQWLRQ WLPHV ,9 /LQNH et al.  7\SLFDO UHWHQWLRQ WLPHV LQ
6ZHGLVK IDUPVFDOH ELRJDV SODQWV UDQJH EHWZHHQ  DQG  GD\V , 7KHVH
UHWHQWLRQWLPHVDUHVLPLODUWRWKRVHUHSRUWHGLQRWKHU(XURSHDQVWXGLHVDOWKRXJK




7KH RUJDQLF ORDGLQJ UDWH 2/5 UHSUHVHQWLQJ WKH DPRXQW RI RUJDQLF
PDWWHUIHGLQWRWKHGLJHVWHUHYHU\GD\LVDQRWKHULPSRUWDQWRSHUDWLQJSDUDPHWHU


















GHJUDGDWLRQ VWHSV LQ WKH ELRJDV SURFHVV 6FKQUHU  $QJHOLGDNL et al.
7KH VWUXFWXUHRI WKHPLFURELDO FRPPXQLW\GHSHQGVRQ IDFWRUV VXFK DV
VXEVWUDWHFRPSRVLWLRQWHPSHUDWXUHUHWHQWLRQWLPHVWLUULQJDQGS+YDOXHZLWK
DPPRQLDOHYHODQGWHPSHUDWXUHEHLQJWKHVWURQJHVWGULYHUV0OOHU et al.
'H9ULH]H et al.  6XQGEHUJ et al.  7KH IRXU VWHSV RI DQDHURELF
GHJUDGDWLRQRIVXEVWUDWHVDUHK\GURO\VLVIHUPHQWDWLRQDQDHURELFR[LGDWLRQDQG
PHWKDQH IRUPDWLRQ )LJXUH  'XULQJ K\GURO\VLV RUJDQLF VXEVWUDWHV i.e
SURWHLQVFDUERK\GUDWHVDQGIDWVDUHGHJUDGHGE\K\GURO\WLFEDFWHULDWRDPLQR
DFLGV VLPSOH VXJDU PROHFXOHV DQG IDWW\ DFLGV UHVSHFWLYHO\ 7KH UDWH RI





LQRUGHU WREUHDNXS WKHFRPSOH[ VWUXFWXUHRI OLJQRFHOOXORVHDQG LPSURYH WKH
DFFHVV IRU PLFURELDO GHJUDGDWLRQ ,Q WKLV UHJDUG WKH UHWHQWLRQ WLPH LV DOVR
LPSRUWDQWLQSURYLGLQJHQRXJKWLPHIRUK\GURO\VLV$]PDQ et al.7RPHL 
et al.9DYLOLQ et al.

Figure 6.6FKHPDWLFGLDJUDPRIDQDHURELFGHJUDGDWLRQRIRUJDQLFFRPSRXQGV
,Q WKH IHUPHQWDWLRQ VWHS SURGXFWV IURP WKHK\GURO\VLV VWHS i.e DPLQR DFLGV







DFHWRJHQLF EDFWHULD XVH SURWRQV DV ILQDO HOHFWURQ DFFHSWRUV UHVXOWLQJ LQ
SURGXFWLRQ RI K\GURJHQ JDV ,I WKH SDUWLDO SUHVVXUH RI K\GURJHQ LV KLJK WKLV











DFHWDWH YLD VRFDOOHG V\QWURSKLF DFHWDWH R[LGDWLRQ 6$2 FDQ SURFHHG
GHSHQGLQJ RQ SUHYDLOLQJ FRQGLWLRQV :HVWHUKROP et al.  ,Q WKH 6$2
SDWKZD\EDFWHULDR[LGLVHDFHWDWHWRIRUPK\GURJHQDQGFDUERQGLR[LGHZKLFK
DUH WKHUHDIWHU XVHG E\ K\GURJHQRWURSKLF DUFKDHD IRU PHWKDQH IRUPDWLRQ
:HVWHUKROP et al.7HFKQLFDOSDUDPHWHUVVXFKDVWHPSHUDWXUHUHWHQWLRQ




LQ PDQ\ SURFHVVHV LUUHVSHFWLYH RI RSHUDWLQJ FRQGLWLRQV DQG VXEVWUDWHV DUH
PHPEHUVRI WKHSK\OD)LUPLFXWHVDQG%DFWHURLGHWHV0HPEHUVRI WKHVHSK\OD
KDYHDZLGHPHWDEROLFFDSDFLW\ZKLFKPRVWOLNHO\H[SODLQVWKHLUKLJKDEXQGDQFH
LQPDQ\ ELRJDV SODQWV ,, DQG ,,, 6FKQUHU $]PDQ et al. 'H
9ULH]H et al.$FWLQREDFWHULDDQG3URWHREDFWHULDDUHDOVRFRPPRQO\IRXQG
SK\ODGXULQJPDQXUHGLJHVWLRQ,,DQG,9/LX et al.&KHQ et al.
6FKQUHU6XQ et al.)RU VXEVWUDWHV VXFKDVPDQXUHDQGHQHUJ\
FURSV GHJUDGDWLRQ RI OLJQRFHOOXORVH LV RI SDUWLFXODU LPSRUWDQFH 7KH SK\OD 
)LUPLFXWHV DQG $FWLQREDFWHULD DUH NQRZQ WR FRQWDLQ PDQ\ PHPEHUV ZLWK
FHOOXORVHGHJUDGLQJDELOLW\%R]DQ et al.$]PDQ et al.6DLQL et al.
7KHSK\OXP%DFWHURLGHWHVDOVRFRQWDLQVFHOOXORVHGHJUDGHUV6XQ et al.











)LUPLFXWHV,90OOHU et al.'H9ULH]H et al.+RZHYHUZKHQ
DOEXPLQZDVFRGLJHVWHGZLWKFDWWOHPDQXUHLQ3DSHU,9JLYLQJDQLQFUHDVHLQ




OLNH IDW DQG VWDUFKKDYHDOVR VKRZQVXEVWUDWH VSHFLILF UHVSRQVHV LQPLFURELDO
FRPPXQLW\ZLWK HQULFKPHQW RI OLSLGGHJUDGLQJSyntrophomonas RU FHOOXORVH
GHJUDGLQJRuminoclostridium,9
,Q WKH DQDHURELF GLJHVWLRQ SURFHVV PHWKDQHIRUPLQJ DUFKDHDO
PLFURRUJDQLVPVEHORQJLQJWRWKHSK\OXP(XU\DUFKDHRWDDUHW\SLFDOO\PHPEHUV
RI WKH RUGHUV0HWKDQREDFWHULDOHV 0HWDQRVDUFLQDOHV DQG0HWKDQRPLFURELDOHV
$QJHOLGDNL et al.  7KHVH RUGHUV DOO FRQWDLQ K\GURJHQRWURSKLF
PHWKDQRJHQV$FHWLFODVWLFPHWKDQRJHQVEHORQJWRWKHRUGHU0HWDQRVDUFLQDOHV
IDPLOLHV0HWKDRVDUFLQDFHDHDQG0HWKDQRVDHWDFHDH7KHDEXQGDQFHRIGLIIHUHQW
PHWKDQRJHQV LV FRQQHFWHG WR WKH FRQFHQWUDWLRQ RI DFHWDWH EXW WHFKQLFDO
SDUDPHWHUVVXFKDVVWLUULQJ IHHGLQJSDWWHUQ ORDGDQGDPPRQLDOHYHOFDQDOVR
LQIOXHQFH WKHLU DEXQGDQFH 6FKQUHU 7KHJHQHUDMethanosarcina DQG






Methanosarcina RU K\GURJHQRWURSKLF PHWKDQRJHQV EHORQJLQJ WR WKH JHQXV
Methanothermobacter RUGHU0HWKDQREDFWHULDOHVRUWKHJHQXVMethanoculleus
RUGHU 0HWKDQRPLFURELDOHV DUH RIWHQ VHHQ WR LQFUHDVH LQ DEXQGDQFH ZLWK
LQFUHDVLQJ SURFHVV WHPSHUDWXUH 'H 9ULH]H et al.  6XQ et al. 
6XQGEHUJ et al.MethanoculleusLVDOVRRIWHQSUHVHQWLQKLJKDEXQGDQFH
DWKLJKDPPRQLDOHYHOV:HVWHUKROP et al.+RZHYHUIROORZLQJDFKDQJH
IURPPHVRSKLOLF WR WKHUPRSKLOLF WHPSHUDWXUHGXULQJPRQRGLJHVWLRQRI FDWWOH











R[LGDWLRQ LV LQKLELWHG DQG DV D FRQVHTXHQFH YRODWLOH IDWW\ DFLGV DFFXPXODWH
7KLVJLYHVDOHVVHIILFLHQWSURFHVVDQGFDQDOVRUHVXOWLQFRPSOHWHSURFHVVIDLOXUH
'LIIHUHQWYRODWLOHIDWW\DFLGVFDQDFFXPXODWHZLWKSURSLRQDWHVXJJHVWHGDVDQ
LQGLFDWRU RI PRUH VHYHUH SURFHVV GLVWXUEDQFH 6FKQUHU  0DUFKDLP 	
.UDXVH  ,Q DGGLWLRQ WR WR[LF HIIHFWV LQVWDELOLW\ FDQ DOVR EH FDXVHG E\
WHPSHUDWXUH IOXFWXDWLRQVPL[LQJVWUDWHJLHVKLJKRUJDQLF ORDGLQJ UDWHDQG WRR
VKRUW UHWHQWLRQ WLPH 6FKQUHU et al.  /LQGPDUN et al.  VHH DOVR
VHFWLRQ
$FRPPRQFDXVHRIGLVWXUEDQFHRIELRJDVSURFHVVHV LVDPPRQLXPUHOHDVH
GXULQJ PLQHUDOLVDWLRQ RI RUJDQLF QLWURJHQ ,,, DQG ,9 $PPRQLXP LV DQ
LPSRUWDQW FRPSRQHQW IRUPLFURELDO JURZWK DQG IRU WKH IHUWLOLVHU YDOXH RI WKH
GLJHVWDWH=DUHEVND et al.5DMDJRSDO et al.$QJHOLGDNL	$KULQJ
$PPRQLXP1+LVLQHTXLOLEULXPZLWKDPPRQLD1+(TZLWK
WKHODWWHUVXJJHVWHGWREHWKHLQKLELWRU\FRPSRQHQW








FRQFHQWUDWLRQV DURXQG  J/ +RZHYHU ERWK KLJKHU DQG ORZHU YDOXHV
KDYHEHHQUHSRUWHGWRFDXVHLQKLELWLRQW\SLFDOO\GHSHQGLQJRQWHPSHUDWXUHDQG
S+:HVWHUKROP et al.5DMDJRSDO et al.,QWKHZRUNSUHVHQWHGLQ









RYHU WLPH SURFHVV PLFURRUJDQLVPV FDQ DGDSW WR KLJK FRQFHQWUDWLRQV RI IUHH
DPPRQLDQLWURJHQRIWHQE\DVKLIWWRWKHV\QWURSKLFDFHWDWHR[LGDWLRQSDWKZD\
,9 :DQJ et al.  :HVWHUKROP et al.  5DMDJRSDO et al. 
<HQLJXQ	'HPLUHO
,Q WKH ELRJDV SURFHVV K\GURJHQ VXOSKLGH +6 LV DOVR IRUPHG IURP
GHJUDGDWLRQRISURWHLQVi.eVXOSKXUFRQWDLQLQJDPLQRDFLGV5DVL et al.
+\GURJHQ VXOSKLGH FDQ EH WR[LF IRU SURFHVV PLFUREHV DQG FDQ LQKLELW WKH
PHWKDQRJHQV 0H\HUMHQV et al.  ,W FDQ DOVR SUHFLSLWDWHPHWDOV WKDW DUH
QHFHVVDU\DVFRIDFWRUVIRUHQ]\PHDFWLYLW\VHHVHFWLRQ5HGXFHGHQ]\PDWLF
DFWLYLW\ VORZV GRZQ GHJUDGDWLRQ DQG FDQ UHVXOW LQ QHJDWLYH HIIHFWV RQ WKH
PHWKDQRJHQV UHVXOWLQJ LQ GHFUHDVHG GHJUDGDWLRQ UDWH &KRRQJ et al. 






IDUPVFDOH ELRJDV SODQWV DQG WKHUHIRUH LURQ )H LV RIWHQ XVHG DV D SURFHVV
DGGLWLYHWRSUHFLSLWDWHVXOSKLGHDVLURQVXOSKLGH,,,5\FNHERVFK et al.





RI GHJUDGDEOH FDUERK\GUDWHV IDWV DQG SURWHLQV DV ZHOO DV WUDFH PHWDOV DQG
EXIIHULQJFRPSRQHQWV6FKQUHU et al.2WKHUIDFWRUVWRFRQVLGHUDUHWKH
HQHUJ\ FRQWHQW DQG DFKLHYLQJ DQ RSWLPDO FRPSRVLWLRQ IRUPLFURELDO DFWLYLW\











JURZWK0DWD$OYDUH] et al.(VSRVLWR et al.,IWKH&1UDWLRLVWRR
KLJKRUWRRORZIRUDVLQJOHVXEVWUDWHFRGLJHVWLRQFDQEHXVHGWRDGMXVWWRDQ
RSWLPXP&1UDWLR,,0DWD$OYDUH] et al.5LVEHUJ et al.1DVLU 
et al.7UDFHPHWDOVDUHDOVRHVVHQWLDOIRUWKHDQDHURELFSURFHVVDQGIRU











GLJHVWHU(Tufaner & Avúar, 2016; Mata$OYDUH] et al.7KHSURSRUWLRQRI







JLYHV VOLJKWO\ KLJKHU YDOXHV WKDQ FDWWOH PDQXUH GXH WR D KLJKHU FRQWHQW RI







GXHWRKLJKDPPRQLDOHYHOV,,,6FKQUHU et al.5DMDJRSDO et al.




et al. 0|OOHU	0OOHU  VHH DOVR VHFWLRQ 0RUHRYHU KLJK
DPPRQLD FRQFHQWUDWLRQV UHSUHVHQW DSRVVLEOH RSWLRQ IRU in situ K\JLHQLVDWLRQ
e.gLWKDVEHHQUHSRUWHGWKDWGHFUHDVHGOHYHOVRIFROLIRUPEDFWHULDLQGLJHVWDWH
IURP SLJ DQG SRXOWU\ PDQXUH DUH QHJDWLYHO\ FRUUHODWHG 5  ZLWK WKH





RUJDQLF ORDGV DQG ORQJ UHWHQWLRQ WLPHV W\SLFDOO\ UHVXOWLQJ LQ D OHVV HIILFLHQW
SURFHVV i.e ORZ JDV SURGXFWLRQ ,,, (Tufaner & Avúar, 2016) 0RUHRYHU
GHVSLWH WKH UHODWLYHO\ KLJK ZDWHU FRQWHQW LQ OLTXLG PDQXUH WKH UKHRORJLFDO
EHKDYLRXU RI WKH PDQXUH FDQ VWLOO EH D SUREOHP SDUWLFXODUO\ LI PL[LQJ DQG




et al./DQGU\ et al.
$VSHFLILF W\SHRIPDQXUH LVGHHS OLWWHUPDQXUHGHILQHGDVKDYLQJD WRWDO
VROLGVFRQWHQWRIDERYHZKLFKFRQVLVWVRIDQLPDOH[FUHWDDQGVWUDZXVHG
IRUEHGGLQJPDWHULDO %M|UOLQJ et al.'XH WR WKHKLJKFRQFHQWUDWLRQRI
WRWDOVROLGVGHHSOLWWHUFDQEHXVHGIRUGU\GLJHVWLRQEXWLWFDQDOVREHXVHGDVD
FRVXEVWUDWH ZLWK OLTXLG PDQXUH LQ FRQWLQXRXVO\ VWLUUHG WDQN UHDFWRU &675
SURFHVVHV,DQG,,,.RWKDUL et al.'HHSOLWWHULVVXLWDEOHIRUDQDHURELF
GLJHVWLRQ DV LW FRQWDLQV KLJK DPRXQWV RI RUJDQLF QLWURJHQ PLQHUDOLVHG WR
DPPRQLXP LQ FRPELQDWLRQZLWK KLJK FDUERQ OHYHOV 6WUDZ FDQ DOVR SURYLGH
LPSRUWDQWDWWDFKPHQWSRLQWVIRUFHOOXORO\WLFPLFURRUJDQLVPVLQWKHGLJHVWHU7KH
LPSRUWDQFHRIDWWDFKPHQWIRUILEURO\WLFEDFWHULDGHJUDGLQJILEUHVKDVEHHQZHOO
GRFXPHQWHG9DYLOLQ et al.6XQJ et al.0F$OOLVWHU et al.
+RZHYHUWKHGHHSOLWWHUIUDFWLRQLVKHWHURJHQHRXVUHVXOWLQJLQDZLGHYDULDWLRQ







Figure 7.(TXLSPHQW IRUSUHWUHDWPHQW DQG IHHGLQJRIGHHS OLWWHUPDQXUH3KRWR.DULQ$KOEHUJ
(OLDVVRQDQG/DUV(ULN-DQVVRQ
(QHUJ\FURSV





P&+WRQ96)RU SHUHQQLDO IRUDJHVe.g. OH\ VLODJH W\SLFDO YDOXHV IRU
ELRPHWKDQH SRWHQWLDO DUH DURXQG P&+ WRQ96 ,, +HUUPDQQ et al.
6RQGHUJDDUG et al.*LVVpQ et al./HKWRPDNL0DWXULW\
VWDJH DIIHFWV WKH HQHUJ\ YDOXH RI WKH FURS DQG %03 YDOXHV GHFUHDVLQJ ZLWK




KLJKHU%03YDOXHV WKDQ ODWHFXW OH\ *LVVpQ et al. 7KHUHIRUH XVH RI
HQHUJ\FURSVIRUELRJDVSURGXFWLRQLVDEDODQFHEHWZHHQKDUYHVWWLPHDQG\LHOG





ILQDO QLWURJHQ FRQFHQWUDWLRQ LQ WKH GLJHVWDWH DOWKRXJK WKLV DOVR FDQ FDXVH
SUREOHPVGXH WRRKLJK)$1FRQFHQWUDWLRQV ,, %HQNH et al. 0XOOHU
6WRYHU et al.)RUHQHUJ\FURSVWKHFRQFHQWUDWLRQRIHVVHQWLDOWUDFHPHWDOV
LVRIWHQORZDQGWKXVELRJDVSURFHVVHVRSHUDWLQJZLWKKLJKLQSXWVRIHQHUJ\FURSV
W\SLFDOO\QHHG WREHFRPSOHPHQWHGZLWK WUDFHPLQHUDOVRU DOWHUQDWLYHO\ WKH\
QHHGWREHFRGLJHVWHGZLWKPRUHQXWULHQWULFKPDWHULDOV'HPLUHO	6FKHUHU




6FKHUHU  $OEUHFKW 	 %HDXFKHPLQ  )RU H[DPSOH WUDFH PHWDO




ZLOODIIHFW ILQDOELRJDVSURGXFWLRQ6XUHQGUD	.KDQDO.UHXJHU et al.
 /HKWRPDNL  0VKDQGHWH et al.  $ IDFWRU WR WDNH LQWR










+HUUPDQQ et al.6YRERGD et al.3HUHQQLDOOH\FURSVDQGZKROH
FURS FHUHDOV KDYH LQVWHDG EHHQ VKRZQ WR KDYH D ORZ HQYLURQPHQWDO LPSDFW
FRPSDUHG ZLWK PDL]H VLODJH %|UMHVVRQ et al.  /H\V DQG ZKROHFURS
FHUHDOV KDYH DOVR EHHQ VKRZQ WR LQFUHDVH JDV \LHOGV DQG LPSURYH GLJHVWDWH
TXDOLW\LQFRGLJHVWLRQZLWKPDQXUH,,%|UMHVVRQ et al.*LVVpQ et al.
/XVFKHU et al.
2WKHUVXEVWUDWHV
,Q 6ZHGHQ VXEVWUDWHV VXFK DV VODXJKWHUKRXVH ZDVWH DQG ZDVWH IDW IURP






UDQJLQJ IURP  WR   RI ZHW ZHLJKW 0RXND]LV et al.  'XULQJ
GHJUDGDWLRQRIIDWVORQJFKDLQIDWW\DFLGV/)&$DUHSURGXFHGDQGWKHVHFDQ
FDXVHLQKLELWLRQDQGIRDPLQJSUREOHPVLQWKHGLJHVWHU6FKQUHU	-DUYLV
0RHOOHU 	 =HKQVGRUI  .RXJLDV et al.  +RZHYHU ZLWK D JRRG












LQ 6ZHGLVK IDUPVFDOH ELRJDV SURGXFWLRQ SODQWV WKH\ DUH VWLOO LPSRUWDQW






LPSRUWDQFH IRU WKH RYHUDOO IHUWLOLVHU YDOXH RI WKH GLJHVWDWH , ,, DQG ,,,
%DFHQHWWL et al.1NRD$O6HDGL et al.$OEXUTXHUTXH et al.
 7KH UHGXFWLRQ LQ WRWDO VROLGV GXULQJ WKH DQDHURELF GLJHVWLRQ SURFHVV
LPSURYHVWKHVSUHDGDELOLW\RIWKHPDQXUH7KLVUHGXFWLRQLQWRWDOVROLGVKDVEHHQ
VKRZQWREH!LQFDVHRIPDQXUHGLJHVWLRQ,$O6HDGL et al.)RU
IDUPVFDOH ELRJDV SODQWV RQH PDLQ YDOXH RI WKH DQDHURELF SURFHVV LV WKH
PLQHUDOLVDWLRQRIQLWURJHQWRDPPRQLXPWKHQLWURJHQVRXUFHDYDLODEOHGLUHFWO\
WRFURSV&DEHOOR et al.:KHQPDQXUHLVGLJHVWHGDVDVLQJOHVXEVWUDWHRU
LQ FRGLJHVWLRQ ZLWK RWKHU VXEVWUDWHV LQ IDUPVFDOH SODQWV WKH DPPRQLXP
FRQFHQWUDWLRQ LV JHQHUDOO\ KLJKHU LQ WKH GLJHVWDWH WKDQ LQ WKH VXEVWUDWH ,
6FKQUHU	-DUYLV,QVDP et al.0RUHRYHUGLJHVWDWHIURPELRJDV





DOO SODQWV HYDOXDWHG )LJXUH  7KH ILQDO FRQFHQWUDWLRQ LQ WKH GLJHVWDWH IURP






LQWKHGLJHVWHU,,6DPEXVLWL et al.$O6HDGL et al.$OEXUTXHUTXH 


et al.  7ULROR et al.  7KH FRQFHQWUDWLRQV RI WUDFH PHWDOV LQ WKH
GLJHVWDWHGHSHQGRQFRQFHQWUDWLRQVLQWKHVXEVWUDWHEXWDOVRRQWKHRSHUDWLRQRU







IURP WKH GLJHVWHG PDQXUH DIWHU WKH DQDHURELF GLJHVWLRQ SURFHVV DUH DOVR
LPSRUWDQWRXWFRPHVRI WKHELRJDVSURFHVV$ULNDQ et al./HEXKQ et al.
+ROP1LHOVHQ et al.7KHDPRXQWVRISDWKRJHQVDQGZHHGVHHGVLQ




'XULQJ VWRUDJH IDFWRUV VXFK DV FUXVWLQJ DQG WHPSHUDWXUH DIIHFW WKH ULVN RI
JUHHQKRXVHJDVHPLVVLRQVDQGDPPRQLDORVVHV(OVJDDUG et al.,QVDP et 
al.5KRGH et al.:RRG et al.)LQDOO\WKHW\SHRIFURSFURS
URWDWLRQDQGVRLO DOVRDIIHFWKRZHIILFLHQWO\ WKHFURSXVHV WKHQXWULHQWV LQ WKH





























(IILFLHQF\ LQ D ELRJDV V\VWHP LV GHILQHG LQ WKLV WKHVLV DV KLJK XWLOLVDWLRQ RI







FRQFHQWUDWLRQ RIPDFUR DQGPLFURQXWULHQWV LQ WKH VXEVWUDWH DQGZKHWKHU WKH
QXWULHQWV DUH DFFHVVLEOH IRU FRQYHUVLRQ WR ELRJDV E\ WKH PLFURRUJDQLVPV
&KHPLFDO SDUDPHWHUV DOVR DIIHFW WKH GLJHVWDWH TXDOLW\ i.e. LWV DPPRQLXP
FRQFHQWUDWLRQ 3K\VLFDO SDUDPHWHUV LQFOXGH e.g SDUWLFOH VL]H YLVFRVLW\ DQG
WHPSHUDWXUH 6RPH RI WKHVH SDUDPHWHUV FDQ EH LQIOXHQFHG E\ RSHUDWLQJ
FRQGLWLRQV IRU H[DPSOHE\ SUHWUHDWPHQW RI VXEVWUDWHV LQ RUGHU WR UHGXFH WKH
SDUWLFOH VL]H 7HFKQLFDO SDUDPHWHUV DUH GHILQHG DV FRQGLWLRQV WKDW FDQ EH
PDQLSXODWHGE\ WHFKQLFDO GHFLVLRQVPDGHE\ WKHRSHUDWRU RI WKHSODQW7KHVH
WHFKQLFDO SDUDPHWHUV FDQ DIIHFW WKH SK\VLFDO SDUDPHWHUV DQG YLFH YHUVD )RU
H[DPSOH SDUWLFOH VL]H LV GHWHUPLQHG E\ PHWKRGV IRU SUHWUHDWPHQW DQG WKH
YLVFRVLW\E\WKHVWLUULQJFRQGLWLRQVZKLOHWKHGLJHVWLELOLW\RIWKHVXEVWUDWHFDQ
DOVREHDIIHFWHGE\RSHUDWLQJFRQGLWLRQVVXFKDVUHWHQWLRQWLPHDQGWHPSHUDWXUH
,,DQG,,,%DXGH] et al..DSDUDMX et al.0VKDQGHWH et al.
7KH WHFKQLFDO SDUDPHWHUV FDQ EH DFWLYHO\ FKRVHQ WR LPSURYH WKH GHJUDGDWLRQ
SURFHVVDQGWKHILQDORXWSXWRIJDVDQGGHJUDGDWLRQ,,DQG,,,0RVHW et al.
0RHVWHGW et al.5LVEHUJ et al.7KHFKHPLFDODQGDOVRWKH




















 ൌ ͳ െ ܸܵ݀݅݃݁ݏݐܽݐܸ݁ܵݏݑܾݏݐݎܽݐ݁ 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Gas (CH4, CO2, H2S)




et al. 'HJUHHRIGHJUDGDWLRQRIWHQ VKRZVDFRUUHODWLRQZLWKRSHUDWLQJ
SDUDPHWHUVVXFKDVRUJDQLFORDGLQJUDWHDQGK\GUDXOLFUHWHQWLRQWLPH+57)RU
WKH6ZHGLVKELRJDVSODQWVHYDOXDWHGLQ3DSHU,DFRUUHODWLRQN ZDVIRXQG
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WKHVLV RQO\ D IHZ PHDVXUHPHQWV RI 503 KDG EHHQ SHUIRUPHG ,Q $KOEHUJ




JDV SURGXFWLRQ OHIW LQ WKH GLJHVWDWH 0¡OOHU 	 1LHOVHQ  )15 
'LIIHUHQWZD\VWRHYDOXDWH503DUHGHVFULEHGLQWKHOLWHUDWXUH7KHVHGLIIHULQ
WHUPVRIe.g WKH WHPSHUDWXUHDSSOLHGIRU LQFXEDWLRQDQGWKHW\SHRI LQRFXOXP
XVHGZKLFKFDQLPSDFWRQWKHILQDOUHVXOWV0RVHW et al.7K\JHVHQ et al.
,QWKLVWKHVLV503ZDVDQDO\VHGXVLQJWKHVDPHHTXLSPHQWDVXVHGIRU
ELRFKHPLFDOPHWKDQHSRWHQWLDO%03HYDOXDWLRQ7KHWHPSHUDWXUHZDVVHW WR
WKH VDPH OHYHO DV WKH GLJHVWHU WHPSHUDWXUH i.e PHVRSKLOLF RU WKHUPRSKLOLF







RYHUDOO GHFUHDVH LQ UHWHQWLRQ WLPH DQG ORZHUXWLOLVDWLRQ UDWHV ,,, DQG ,9$
SUHYLRXV VWXG\ HYDOXDWLQJ503 LQ DSURFHVVXVLQJ FRGLJHVWLRQ RI FURSV DQG
PDQXUHDOVRREVHUYHGDQLQFUHDVHLQ503ZKHQWKHUDWLRRIPDQXUHLQFUHDVHG
/LQGRUIHU et al. 0DQXUH LV D VXEVWUDWH ZLWK D KLJK FRQFHQWUDWLRQ RI
XQGHJUDGDEOH ILEUH ZKLFK PD\ H[SODLQ WKH REVHUYHG RYHUDOO GHFUHDVH LQ
GHJUDGDWLRQDQGKLJKHU503ZKHQWKHSURSRUWLRQRIPDQXUHLQWKHVXEVWUDWHPL[















,Q FRGLJHVWLRQ VXEVWUDWHV DUH XVHG WRJHWKHU WR FRPSOHPHQW WKH QXWULHQW
FRPSRVLWLRQ ZLWK WKH DLP RI PD[LPLVLQJ PLFURRUJDQLVP JURZWK LQ WKH
DQDHURELFGLJHVWLRQSURFHVV0DWD$OYDUH] et al.(VSRVLWR et al.
7KHDGYDQWDJHVRIFRGLJHVWLRQLQFRPSDULVRQZLWKPRQRGLJHVWLRQLQFOXGHe.g
LQFUHDVHG YROXPHWULF ELRJDV SURGXFWLRQ LPSURYHG GHJUDGDWLRQ DQG SURFHVV
VWDELOLW\LQFUHDVHGYDOXHRIWKHGLJHVWDWHDQGRYHUDOOLPSURYHGHIILFLHQF\,,,
,,,DQG,9(Tufaner & Avúar, 2016; Mata$OYDUH] et al.(VSRVLWR et al.

,IFRGLJHVWLRQLPSURYHVWKHGHJUDGDWLRQRIWKHVXEVWUDWHVXVHGLWFDQUHVXOW
LQ D VRFDOOHG SULPLQJ HIIHFW 3ULPLQJ LV VXJJHVWHG WR EH FDXVHG E\ HDVLO\
GHJUDGDEOH RUJDQLF PDWWHU VXFK DV SXUH IDW RU FDUERK\GUDWHV UHVXOWLQJ LQ
LQFUHDVHGSURGXFWLRQRIHQ]\PHVWKDWLPSURYHGHJUDGDWLRQRIFRPSOH[RUJDQLF
PDWHULDOV ,QVDP	0DUNW$LFKLQJHU et al.7KHSULPLQJHIIHFW
ZKLFK LV ZHOO GHVFULEHG IRU VRLO KDV EHHQ SURSRVHG WR RFFXU DOVR LQ ELRJDV















Avúar, 2016; Nizami et al.  /LQGRUIHU et al.  7KH FRQQHFWLRQ
EHWZHHQ+57DQG2/5LVDOVRLPSRUWDQWIRUWKHHIILFLHQF\YDOXHDVGHVFULEHG
LQVHFWLRQ,,,5LFR et al.,QPDQXUHEDVHGELRJDVV\VWHPV+57
KDV EHHQ VKRZQ WR EH SRVLWLYHO\ FRUUHODWHG ZLWK VSHFLILF PHWKDQH SRWHQWLDO
603GHJUHHRIGHJUDGDWLRQ''DQGJDV\LHOG*3,/LNHZLVH2/5KDV
EHHQUHSRUWHGWRVKRZSRVLWLYHFRUUHODWLRQVZLWKYROXPHWULFDQGGDLO\PHWKDQH










,QFUHDVLQJ WKH 2/5 E\ XVLQJ RQO\ PDQXUH KDV EHHQ VKRZQ WR LQFUHDVH JDV
SURGXFWLRQ HYHQ ZLWK VKRUWHQHG UHWHQWLRQ WLPHV DW ERWK WKHUPRSKLOLF DQG
PHVRSKLOLFWHPSHUDWXUH0RVHW et al.+RZHYHUKLJK2/5FDQDOVRDIIHFW
WKHGHJUHHRIGHJUDGDWLRQUHVXOWLQJLQKLJKHUUHVLGXDOPHWKDQHSRWHQWLDO,,,





















R1 R2 R4 R3


LQFUHDVHG 2/5 DQG VKRUWHQHG +57 RQ RQH KDQG DQG GHFUHDVHG GHJUHH RI
GHJUDGDWLRQDQGKLJK503RIWKHGLJHVWDWHRQWKHRWKHUKDQG,DQG,,,0RVHW 
et al./DEDWXW et al./LQGRUIHU et al.
([DPSOHRIKRZFKRLFHRIFRVXEVWUDWHLPSDFWRQJDVSURGXFWLRQ
DQGQXWULHQWFRQFHQWUDWLRQLQGLJHVWDWH






DFKLHYH KLJK QLWURJHQ FRQFHQWUDWLRQV LQ WKH GLJHVWDWH 3ODQW $ XVHV SRXOWU\
PDQXUH LQ FRGLJHVWLRQ ZLWK FDWWOH PDQXUH WR REWDLQ D UHODWLYHO\ KLJK ILQDO
DPPRQLXPFRQFHQWUDWLRQNJWRQ7KH603LQSODQW$ LVDSSUR[P
&+WRQ967DEOH3ODQW%LVDVPDOOSURGXFHURIFDWWOHEHHIDQGWKHELRJDV
IURP WKLV IDFLOLW\ LV VROG DV KHDW WR D JUHHQKRXVH SURGXFWLRQ XQLW QHDUE\
&RQVHTXHQWO\ WKHPDLQHFRQRPLFRXWSXWIRU WKLVSODQW LV WRSURGXFHDVPXFK
HQHUJ\DVSRVVLEOHVRDVXJDUULFKUHVLGXHIURPDFRQIHFWLRQDU\IDFWRU\LVXVHG
DV FRVXEVWUDWH 7KLV PDWHULDO LV TXLFNO\ GHJUDGHG DQG FDQ EH DGGHG LQ
FRPSDUDWLYHO\ KLJK DPRXQWV ZLWK  SURSRUWLRQV RI FRQIHFWLRQDU\ DQG
PDQXUHRQDYRODWLOHVROLGVEDVLVIHGLQWRWKHGLJHVWHU,7KHILQDO603IRUWKLV
SODQWLVKLJKP&+WRQ96+RZHYHUWKHILQDODPPRQLXPOHYHOLVRQO\
 NJWRQ 7DEOH  7KLV H[DPSOH VKRZV KRZ WKH FKDUDFWHULVWLFV RI WKH
VXEVWUDWHVXVHGIRUFRGLJHVWLRQDIIHFWWKHYDOXHVRIWKHGLIIHUHQWRXWSXWVRIWKH
ELRJDVSURFHVV)LJXUH
7DEOH Comparison of two operating strategies1. Effects on the specific methane potential (SMP) 
and final total nitrogen (tot-N) and ammonium nitrogen (NH4+-N) concentration in digestate2.  




'LJHVWDWHSODQW$   








ZLWKPDQXUHZDVHYDOXDWHG ,97KH UHVXOWV VKRZHG WKDW DGGLWLRQRISURWHLQ
LQFUHDVHG WKH DPPRQLXPQLWURJHQ FRQFHQWUDWLRQ LQ WKH GLJHVWDWH EXW DW WKH
VDPHWLPHWKHGLJHVWHUZDVREVWUXFWHGE\KLJKYRODWLOHIDWW\DFLGOHYHOVFDXVLQJ








LQFUHDVHG JDV SURGXFWLRQ DQG LPSURYH WKH IHUWLOLVHU YDOXH RI WKH GLJHVWDWH
,PSRUWDQW DVSHFWV WR FRQVLGHU ZKHQ VHOHFWLQJ D FRVXEVWUDWH IRU IDUPVFDOH
ELRJDVSURGXFWLRQDUH
¾ $VSHFWV RI K\JLHQLVDWLRQ DFFRUGLQJ WR SUHYDLOLQJ UXOHV DQG UHJXODWLRQ
V\VWHPV(XURSHDQ3DUODPHQW
¾ +RZ WKH FRVXEVWUDWH ZLOO DIIHFW RUJDQLF ORDG DQG UHWHQWLRQ WLPH
FRQVHTXHQWO\ LQIOXHQFLQJ WKHHQYLURQPHQWDQGGHJUDGDWLRQ LQ WKHGLJHVWHU
IRUH[DPSOHS+FRQFHQWUDWLRQRIIDWW\DFLGVJDVTXDOLW\DQGRUDPPRQLXP













IRU 6ZHGLVK IDUPVFDOH ELRJDV SURGXFWLRQ D 6:27 DQDO\VLV ZDV SHUIRUPHG
7DEOH$6:27DQDO\VLVFDQEHXVHGDVDZD\WRHYDOXDWHDQGGHVFULEHWKH




VRFLHW\ DQG WKH HQYLURQPHQW ,Q WKH 6:27 SHUIRUPHG LQ WKLV WKHVLV QR
SULRULWLVDWLRQ ZDV PDGH EHWZHHQ WKHVH IDFWRUV $ IHZ SUHYLRXV VWXGLHV KDYH

















































%HUJOXQG'LIIHUHQWRXWSXWV IURP IDUPVFDOHELRJDVSODQWV FDQDOVREH
GHYHORSHGLQWRQHZSURGXFWVZLWKSRWHQWLDOWRUHDFKQHZPDUNHWV)RUH[DPSOH
HPHUJLQJVPDOOVFDOH WHFKQLTXHVIRUXSJUDGLQJUDZELRJDV WRYHKLFOH IXHODUH
SURPLVLQJ WR XVH DW IDUPVFDOH %DXHU et al.  $QRWKHU H[DPSOH LV









et al.  2WKHU SURPLVLQJ WHFKQRORJLHV WKDW FDQ EH GHYHORSHG LQWR QHZ
HFRQRPLFYDOXHVDUHSRZHUWRJDVDQGVROXWLRQVIRU“energy on demand”ZKLFK
FDQ EH RQH ZD\ WR PHHW WKH PDUNHW GHPDQG IRU HOHFWULFLW\ :LOOHJKHPV 	
%X\VVH  /HEXKQ et al.  2SSRUWXQLWLHV WKDW GHVHUYH KLJKOLJKWLQJ








RI DJULFXOWXUDO ZDVWH SURGXFWV VWLOO DYDLODEOH IRU ELRJDV SURGXFWLRQ WKXV
UHSUHVHQWLQJ SRWHQWLDO IRU LQFUHDVHG HQHUJ\ SURGXFWLRQ 6RQGHUJDDUG et al.
















D KLJKHU GHPDQG IURPRWKHU SDUWV RI WKH VRFLHW\ IRU HQHUJ\ WUDQVLWLRQ (%$
7KHJUHHQKRXVHJDVLPSDFWRIDQ\ELRJDVV\VWHPGHSHQGVRQWKHWHFKQLFDO
V\VWHPXVHGEXWDOVRRQWKHRSHUDWLQJSDUDPHWHUV
$V UHJDUGV WKUHDWV JRYHUQPHQW SROLFLHV DQG UXOHV LQFOXGLQJ VXEVLGLHV
UHJXODWLRQVDUHDPRQJWKHPDLQIDFWRUVWKDWFDQFUHDWHPDUNHWXQFHUWDLQWLHVIRU
IDUPVFDOHELRJDVSODQWV %UXGHUPDQQ et al. 0DUWLQ 6FKDSHU	




ELRJDV VHFWRU WKDQ LQWHUQDO IDFWRUV VWUHQJWKV DQG ZHDNQHVVHV 7KLV ZDV DOVR






2YHUDOO NQRZOHGJH DERXW WKH WKUHH YDOXH VWUHDPV LQ ELRJDV SURGXFWLRQ IURP
DJULFXOWXUDO VXEVWUDWHV i.e WKH HQYLURQPHQWDO HQHUJ\ DQG GLJHVWDWH YDOXHV
JHQHUDOO\ QHHGV WR EH LPSURYHG %HWWHU LQIRUPDWLRQ DERXW WKHVH WKUHH YDOXH
VWUHDPVDVSURYLGHGLQWKLVWKHVLVSURYLGHVDPRUHFRPSOHWHXQGHUVWDQGLQJRI
WKH ELRJDV VHFWRU DQG FDQ SRVVLEO\ DOVR DFW DV D JRRG EDFNJURXQG IRU PRUH
GHWDLOHG UHVHDUFK0DQ\ RI WKH IDFWRUV LQ WKH 6:27 DQDO\VLV VXPPDULVHG LQ
7DEOHDUHUHODWHGWRWKHRYHUDOOQHHGIRULQFUHDVHGNQRZOHGJHDERXWWKHIDUP
VFDOHELRJDVVHFWRU2QHPHWKRGWRZRUNIRUJUDGXDOLPSURYHPHQWVLQWKHELRJDV
VHFWRU LV EHQFKPDUNLQJ ZKLFK LQYROYHV NQRZOHGJH WUDQVIRUPDWLRQ DQG
WUDQVSDUHQF\ RI LQIRUPDWLRQ DQG GDWD FROOHFWHG ,Q EHQFKPDUNLQJ IRU ELRJDV
SURGXFWLRQ ERWWOH QHFNV FDQ EH LGHQWLILHG DQG JUDGXDO LPSURYHPHQWV FDQ EH
DFKLHYHG RYHU WLPH /HEXKQ et al.  <QJYHVVRQ et al.  'LIIHUHQW
LQGLFDWRUV FDQ EH XVHIXO IRU EHQFKPDUNLQJ DW IDUPVFDOH ELRJDV SODQWV IRU
H[DPSOHELRJDVSURGXFWLRQSHUWRQDGGHGVXEVWUDWHJDVTXDOLW\UHWHQWLRQWLPH
RUJDQLFORDGDQGUHVLGXDOJDVSURGXFWLRQ,,,,,,DQG,9/LHEHWUDX	-DFREL
 /HEXKQ et al.  %HQFKPDUNLQJ FDQ DOVR LGHQWLI\ SRVVLELOLWLHV IRU
LPSURYHPHQWVDQGSRVLWLRQWKHLQGLYLGXDOELRJDVSODQWZLWKLQDODUJHUV\VWHPLQ
QHHGRIVHYHUDOORFDOV\VWHPV2OVVRQ	)DOOGH
6RPHRI WKH IDUPVFDOHELRJDVSODQWVHYDOXDWHG LQ WKLV WKHVLVKDYH OLPLWHG
SRVVLELOLWLHV UHJDUGLQJ WHFKQLTXHVDQGHTXLSPHQWXVHG IRUPHDVXUHPHQWV DQG










DQG WKH FRQFHQWUDWLRQV RI QXWULHQWV LQ WKH GLJHVWDWH DQG VXEVWUDWH )RU WKH
GLJHVWDWHDQGVXEVWUDWHVLPSOLILHGPHWKRGVWRHYDOXDWHFKDUDFWHULVWLFVRQOLQHDUH
QHHGHG1HDULQIUDUHG UHIOHFWDQFH 1,5 LVXQGHUHYDOXDWLRQ IRUHVWLPDWLRQRI
QLWURJHQ DQG DPPRQLXP FRQFHQWUDWLRQV DQG RWKHU SDUDPHWHUV VXFK DV
ELRPHWKDQHSRWHQWLDOZLWKSURPLVLQJUHVXOWV )LQ]L et al.7ULROR et al.
6WRFNO et al.+RZHYHUPRUHGHYHORSPHQWLVQHHGHGEHIRUH1,5




8QGHU WKH 6ZHGLVK VXEVLG\ V\VWHP IRUPDQXUH WKHUH DUH UHTXLUHPHQWV WR
DVVHVVUHDODQGSRWHQWLDOPHWKDQHORVVHVDWWKHELRJDVSODQW6ZHGLVK%RDUGRI
$JULFXOWXUH  7KLV LV DOVR UHTXLUHPHQWV GXH WR UHJXODWLRQV DW (8 DQG
QDWLRQDOOHYHODQGHIIHFWLYHPHWKRGVKDYHEHHQGHYHORSHGIRUELRJDVSODQWVZLWK
KLJKOHYHOVRIHTXLSPHQWIRUPHDVXUHPHQW/DQW])RUVPDOOVFDOHELRJDV
SURGXFWLRQ XQLWV DSSURSULDWH WHFKQRORJ\ DQG PHWKRGV DUH LQ QHHG RI
GHYHORSPHQWe.gVLPSOHUDQGOHVVH[SHQVLYHHTXLSPHQWDQGPHWKRGVZLWKRXW
ULVNLQJWKHRYHUDOOTXDOLW\RIWKHUHVXOWV
7RH[SORLW WKHDGYDQWDJHVZLWKFRGLJHVWLRQ HVSHFLDOO\ WKRVHH[SODLQHG LQ
WKLV WKHVLV PRUH NQRZOHGJH LV QHHGHG DERXW WKH HIIHFW RI H[WUD VXEVWUDWH
SDUWLFXODUO\ WKH HFRQRPLF RXWFRPH VLQFH FRVXEVWUDWH RIWHQ UHVXOWV LQ KLJKHU
FRVWV IRU WUDQVSRUWDWLRQSUHWUHDWPHQWDQG VWRUDJHEXWRQ WKHRWKHUKDQGFDQ
UHVXOWLQKLJKHUHIILFLHQF\,QIXOOVFDOHELRJDVSODQWVWKHUHLVDWUDGHRIIEHWZHHQ
LQYHVWPHQW FRVW LQ GLJHVWHU YROXPH ZLWK WKH DLP RI HQDEOLQJ ORQJ UHWHQWLRQ
WLPHVDQGWKHDPRXQWRIJDVWKDWFDQEHREWDLQHGIURPWKHH[WUDYROXPHDGGHG

































DQG QDWLRQDO IRVVLOIUHH HQHUJ\ VXSSO\ %LRJDV SURGXFWLRQ ILOOV D JDS LQ WKH
VXVWDLQDEOH HQHUJ\ VWUXFWXUH DV LW FDQEH VWRUHG DQGXVHG LQ VHYHUDO GLIIHUHQW
SDWKZD\Ve.gIRUIXHOKHDWFRQYHUVLRQHOHFWULFLW\SURGXFWLRQDQGSURGXFWLRQRI
GLIIHUHQWUHILQHGSURGXFWV,QIDUPVFDOHELRJDVSODQWVLQ6ZHGHQPDQXUHLVWKH
PRVW FRPPRQ VXEVWUDWH 7R LQFUHDVH WKH RYHUDOO HIILFLHQF\ RI WKH GLJHVWLRQ
SURFHVVFRVXEVWUDWHVDUHRIWHQXVHG7KHFRPSRQHQWVLQVXEVWUDWHSURWHLQVIDWV
DQG FDUERK\GUDWHV FDQ LQFUHDVH WKH WKUHH YDOXH VWUHDPV GHQRWLQJ HIILFLHQF\
GLJHVWDWH YDOXH HQHUJ\ SURGXFWLRQ DQG UHGXFWLRQ RI JUHHQKRXVH JDVHV WR
GLIIHULQJH[WHQWVZKHQWKHVXEVWUDWHLVFRGLJHVWHGZLWKPDQXUH2QHFRPPRQO\
XVHGVXEVWUDWHLQ6ZHGLVKIDUPVFDOHSODQWVLVZDVWHIDW)DWW\SLFDOO\LQFUHDVHV
JDV SURGXFWLRQ EXW GRHV QRW LPSURYH WKH GLJHVWDWH YDOXH e.g DPPRQLXP
FRQFHQWUDWLRQ7KHSURSRUWLRQRIIDWXVHGLQH[LVWLQJELRJDVSODQWVLVORZZKLFK
SUREDEO\ H[SODLQV ZK\ QR PDMRU SURFHVV GLVWXUEDQFHV OLNH IRDP DQG
RYHUIHHGLQJ DUH VHHQ LQ6ZHGLVK IDUPVFDOHSODQWV6XEVWUDWHV ULFK LQ VWDUFK
VXFK DV ZKROHFURS VLODJH RIWHQ UHVXOW LQ LQFUHDVHG JDV SURGXFWLRQ DQG FDQ
SRWHQWLDOO\DOVRUHVXOWLQLPSURYHGGHJUDGDWLRQ6XEVWUDWHVULFKLQSURWHLQVFDQ
FDXVH SURFHVV GLVWXUEDQFH GXH WR D VWURQJ LQFUHDVH LQ YRODWLOH IDWW\ DFLG
FRQFHQWUDWLRQV DV D UHVXOW RI DPPRQLD LQKLELWLRQ +RZHYHU SURWHLQULFK
VXEVWUDWHVXVXDOO\XVHGLQIDUPVFDOHELRJDVSODQWVVXFKDVSRXOWU\PDQXUHDQG
VODXJKWHUKRXVH ZDVWH FRQWULEXWH WR KLJK DPPRQLXP FRQFHQWUDWLRQ LQ WKH
GLJHVWDWH LQFUHDVLQJ LWV YDOXH 7KHUHIRUH WKHUH LV D WUDGHRII HIIHFW EHWZHHQ
LQFUHDVHGELRJDVSURGXFWLRQDQGWKHULVNRISURFHVVIDLOXUHZKHQWKHVHVXEVWUDWHV
DUHXVHGLQFRGLJHVWLRQZLWKPDQXUH
'HJUDGDWLRQ RI DJULFXOWXUDO VXEVWUDWHV LV DOVR LQIOXHQFHG E\ RSHUDWLQJ
FRQGLWLRQVVXFKDVUHWHQWLRQWLPHRUJDQLFORDGDQGWHPSHUDWXUH7KHUPRSKLOLF
WHPSHUDWXUH LV SURPLVLQJ WR XVH LI WKH VXEVWUDWHPL[ GRHV QRW KDYH WRR KLJK
SURSRUWLRQ RI SURWHLQV DV WKDW UDLVHV WKH ULVN RI DPPRQLD LQKLELWLRQ LQ WKH




HQHUJ\ULFK FRVXEVWUDWHV LI WKH UHWHQWLRQ WLPH LV VXIILFLHQW 7KH SURFHVV
RSHUDWLQJ SDUDPHWHUV DOVR KDYH DQ LPSDFW RQ WKH XQWDSSHG UHVLGXDOPHWKDQH
SRWHQWLDO 503 RI WKH GLJHVWDWH 7KHUH LV D FRUUHODWLRQ EHWZHHQ 503 DQG
RSHUDWLQJSDUDPHWHUVVXFKDVUHWHQWLRQWLPHDQGORDGZKLFKVXJJHVWVWKDW503




FRQVLGHUDWLRQ ZKHQ QHZ LQYHVWPHQWV DQG SURMHFWV DUH SODQQHG 6SHFLILFDOO\
RYHUDOONQRZOHGJHDERXW WKH VHFWRUQHHGV WREH LPSURYHGERWKE\ WKH VHFWRU
LWVHOIDQGE\DXWKRULWLHVUHVSRQVLEOHIRUWKHVXEVLG\DQGUHJXODWRU\V\VWHPV7R
IXOO\GHVFULEH WKHPXOWLSOH YDOXHVRI IDUPVFDOHELRJDV V\VWHPV DOO YDOXHVRI
ELRJDVSURGXFWLRQIURPDJULFXOWXUDOZDVWHVWUHDPVVXFKDVHQHUJ\SURGXFWLRQ
GHFUHDVHG JUHHQKRXVH JDV HPLVVLRQV DQG GLJHVWDWH YDOXH DV IHUWLOLVHU DUH
LPSRUWDQW7KLVZD\RIDVVHVVLQJIDUPVFDOHELRJDVSURGXFWLRQV\VWHPVFDQEH
XVHG IRU WKH LQGLYLGXDO ELRJDV SODQW EXW DOVR LQ D EURDGHU FRQWH[W ZKHQ
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JUHHQKRXVH JDV HPLVVLRQV IURP OLYHVWRFNEDVHG DJULFXOWXUH 7KH GLJHVWDWH
SURGXFHGIURPWKHELRJDVSURFHVVFRQWDLQVDKLJKHUSURSRUWLRQRIDPPRQLXP
QLWURJHQWKDQWKHXQSURFHVVHGPDQXUHDQGWKLVLQFUHDVHLQIHUWLOLVHUYDOXHLVDOVR
SRVLWLYH IRU DJULFXOWXUH 'HVSLWH WKHVH EHQHILWV 6ZHGLVK ELRJDV SODQWV VXIIHU
IURP ORZ SURILWDELOLW\ GXH WR ORZ HQHUJ\ SULFHV DQG KLJK PDLQWHQDQFH DQG
RSHUDWLQJFRVWV$VXEVLG\IRUELRJDVSURGXFHGIURPPDQXUHZDVLQWURGXFHGLQ
6ZHGHQLQDQGKDVLPSURYHGWKHHFRQRPLFVLWXDWLRQVRPHZKDW'HVSLWH
WKLV SURILWDELOLW\ LV VWLOO ORZ DQG WKHUHIRUH WKH RYHUDOO HIILFLHQF\ GHILQHG DV
LQFUHDVHG JDV SURGXFWLRQ DQG KLJKHU SODQWDYDLODEOH DPPRQLXPQLWURJHQ LQ
GLJHVWDWHRIH[LVWLQJELRJDVSODQWVQHHGVWREHLPSURYHG
$QDHURELFGHJUDGDWLRQRIRUJDQLFPDWHULDOLQWRELRJDVPHWKDQHDQGFDUERQ
GLR[LGH LQYROYHV FRPSOLFDWHG LQWHUDFWLRQV EHWZHHQ PDQ\ GLIIHUHQW
PLFURRUJDQLVPV WKDW QHHG WKH ULJKW FRPSRVLWLRQ RI QXWULHQWV DQG ULJKW
HQYLURQPHQWWRSURGXFHWKHHQGSURGXFWELRJDV)DUPHUVRSHUDWLQJELRJDVSODQWV
WKDWGLJHVWPDQXUHFDQ LQFUHDVH WKHLUSURGXFWLRQRIELRJDV DQG WKXV LPSURYH
WKHLUHIILFLHQF\E\PL[LQJWKHPDQXUHZLWKPRUHHQHUJ\ULFKFRVXEVWUDWHV*DV
SURGXFWLRQ FDQ DOVR EH LQFUHDVHG E\ SURYLGLQJ WKH ULJKW FRQGLWLRQV IRU
GHJUDGDWLRQRIWKHVSHFLILFVXEVWUDWHVE\DGMXVWLQJWKHRSHUDWLQJSDUDPHWHUVLQ
WKH GLJHVWHU 8VLQJ GDWD IURP 6ZHGLVK IDUPVFDOH ELRJDV SODQWV DQG IURP
ODERUDWRU\ H[SHULPHQWV RQ GLIIHUHQW VXEVWUDWHV DQG RSHUDWLQJ SDUDPHWHUV WKLV











UHVXOWV LQ D UHODWLYHO\ KLJK HQYLURQPHQWDO LPSDFW ,Q FRQWUDVW OH\ VLODJH DQG
ZKROHFURSEDUOH\VLODJHVXEVWUDWHVKDYHDORZHQYLURQPHQWDOLPSDFWDQGDOVR
FRQWULEXWHWRLQFUHDVHGJDVSURGXFWLRQ)DWULFKVXEVWUDWHVVXFKDVZDVWHIDWDQG
SURWHLQULFK VXEVWUDWHV VXFK DV VODXJKWHUKRXVH ZDVWH DOVR LQFUHDVH JDV
SURGXFWLRQ EXW XQGHU FHUWDLQ FRQGLWLRQV HJ KLJK GLJHVWHU WHPSHUDWXUHPD\
FDXVHGLVWXUEDQFHVLQWKHGLJHVWHU
7KHLQFUHDVHGJDVSURGXFWLRQREVHUYHGGXULQJFRGLJHVWLRQRIPDQXUHZLWK
IDW RU VWDUFKULFK VXEVWUDWHV LV XVXDOO\ GXH WR IDVW GHJUDGDWLRQ RI WKH HDVLO\
GHJUDGDEOH FRPSRXQGV LQ WKH FRVXEVWUDWH 7KH FRVXEVWUDWH DOVR DIIHFWV WKH
QXWULHQW FRQFHQWUDWLRQ LQ WKH GLJHVWDWH 6XEVWUDWHV ZLWK D KLJK QLWURJHQ
FRQFHQWUDWLRQe.g.VODXJKWHUKRXVHZDVWHFORYHUULFKOH\ELRPDVVDQGFKLFNHQ
PDQXUH FRQWULEXWHZLWKPRUHDPPRQLXPQLWURJHQ WR WKHGLJHVWDWH7KH ILQDO
HIILFLHQF\RIWKHGLJHVWLRQSURFHVVDOVRGHSHQGVRQRSHUDWLQJSDUDPHWHUVVXFKDV
WHPSHUDWXUHKRZPXFKPDWHULDOLVIHGLQWRWKHELRJDVSODQWDQGKRZORQJWKH
PDWHULDO UHPDLQV LQ WKH GLJHVWHU$Q LPSRUWDQW SDUDPHWHU LQYHVWLJDWHG LQ WKLV
WKHVLVLVKRZPXFKUHVLGXDOPHWKDQHSRWHQWLDOUHPDLQVLQWKHGLJHVWDWHDIWHUWKH
ELRJDVSURFHVV)XWXUHHIIRUWV WR LPSURYH WKHRYHUDOO HIILFLHQF\RI IDUPVFDOH
ELRJDV SURGXFWLRQ PXVW VHHN WR LQFUHDVH WKH DPRXQW RI IRVVLOIUHH HQHUJ\








NYlYH MlPI|UWPHGRU|WDGJ|GVHOYLONHW lUSRVLWLYW I|U ODQWEUXNHW7URWVDOOD
I|UGHODUKDUGHVYHQVNDELRJDVDQOlJJQLQJDUQDXQGHUGHVHQDVWHnUHQKDIWHQWXII
HNRQRPLVN VLWXDWLRQ Sn JUXQG DY OnJD HQHUJLSULVHU VDPW K|JD WHNQLN RFK
GULIWVNRVWQDGHU,6YHULJHILQQVVHGDQHQVXEYHQWLRQWLOOELRJDVSURGXFHUDG
DYJ|GVHOYLONHWI|UElWWUDWGHQHNRQRPLVNDVLWXDWLRQHQQnJRW7URWVGHWILQQVGHW
IRUWVDWW O|QVDPKHWVSUREOHP LQRP VHNWRUQ RFK HIIHNWLYLWHWHQ L EHILQWOLJD
ELRJDVDQOlJJQLQJDU EHK|YHU I|UElWWUDV 7RWDOHIIHNWLYLWHWHQ L HQ




DY UlWW VDPPDQVlWWQLQJ QlULQJVlPQHQ RFK UlWWPLOM| I|U DWW NXQQD SURGXFHUD
ELRJDV%LRJDVDQOlJJQLQJDUVRPU|WDUJ|GVHONDQK|MDVLQSURGXNWLRQDYELRJDV
RFKGlUPHGQnHQElWWUHHNRQRPLJHQRPDWWEODQGDJ|GVHOPHGDQGUDHQHUJLULND
VXEVWUDW gNDG JDVSURGXNWLRQ NDQ RFNVn QnV JHQRP DWW VlNHUVWlOOD UlWW





5HVXOWDWHQ YLVDU DWW VDPU|WQLQJPHOODQ J|GVHO RFK HQHUJLULND VXEVWUDW NDQ
K|MDWRWDOHIIHNWLYLWHWHQMlPI|UWRPPDQEDUDU|WDUQ|WHOOHUVYLQJ|GVHO9DQOLJD
PDWHULDOVRPDQYlQGVLVDPU|WQLQJlUWLOOH[HPSHOHQHUJLJU|GRUVODNWHULDYIDOO





J|GVHO7UDGLWLRQHOOW KDUPDMVHQVLODJH DQYlQWV WLOO ELRJDVSURGXNWLRQPDMVKDU
GRFN UHODWLYW K|J PLOM|EHODVWQLQJ 9DOOJU|GRU RFK KHOVlGHVHQVLODJH DY
WLOOH[HPSHO NRUQ HOOHU UnJYHWH KDU RFNVn YLVDW VLJ IXQJHUD EUD L
ELRJDVDQOlJJQLQJDURFKKDUI|UKnOODQGHYLVOnJPLOM|EHODVWQLQJ$QGUDHQHUJLULND
PDWHULDO VRP LQQHKnOOHU P\FNHW SURWHLQ WLOOH[HPSHO VODNWHULDYIDOO K|MHU
JDVSURGXNWLRQHQ0HQNDQXQGHUYLVVD I|UXWVlWWQLQJDURUVDNDGULIWVW|UQLQJDU L
PHWDQELOGQLQJHQ )HWWULND VXEVWUDW WLOOH[HPSHO IHWWDYVNLOMDUVODP WLOOI|UP\FNHW
HQHUJL L VDPU|WQLQJ RFK NDQ JH XSSKRY WLOO K|J JDVELOGQLQJ 'HQ |NDGH
JDVELOGQLQJHQYLGVDPU|WQLQJRUVDNDVYDQOLJHQDYGHQVQDEEDQHGEU\WQLQJHQDY
HQHUJLQ L VDPU|WQLQJVVXEVWUDWHW GHW KDU L GHQQD VWXGLH NXQQDW YLVDV YLG
VDPU|WQLQJ DY Q|WJ|GVHO PHG IHWW RFK VWlUNHOVHULND VXEVWUDW
6DPU|WQLQJVVXEVWUDWHWSnYHUNDURFNVnQlULQJVLQQHKnOOHWLELRJ|GVHO.YlYHULND
VXEVWUDW WH[ VODNWHULDYIDOO HQHUJLJU|GRU PHG K|J NO|YHUDQGHO RFK
N\FNOLQJJ|GVHO ELGUDU WLOO PHU DPPRQLXPNYlYH L ELRJ|GVHOQ +XU YlO
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7KLVZRUNZDVPDGHSRVVLEOHEHFDXVHRI ILQDQFLDO VXSSRUW IURP WKH6ZHGLVK
5XUDO(FRQRP\DQG$JULFXOWXUDO6RFLHW\RI6MXKlUDG6ZHGLVK(QHUJ\$JHQF\
9lVWUD*|WDODQG5HJLRQHQDQG6SDUEDQNVVWLIWHOVHQ6MXKlUDG
